Purpose A giant cell tumor (GCT) of bone presenting in the distal radius is rare, however, when they occur, Campanacci Grade III tumors can present formidable reconstructive challenges. They are associated with a high local recurrence rate with intralesional treatment, therefore approaches to reconstruct the wrist after en bloc resection warrant study. Questions We asked: (1) What are the functional outcomes after en bloc resection and reconstruction of the wrist with a unipolar prosthesis in patients with Grade III
a unipolar prosthesis after wide resection of the tumor between January 2008 and October 2013. During that period, all patients at our medical group who presented with a Grade III GCT of the distal radius were treated with wide resection and reconstruction using a custom unipolar implant. Pre-and postoperative pain at rest were assessed according to a 10-cm VAS score. The functional outcomes of the wrist were assessed using the modified Mayo wrist score, and the degenerative changes were evaluated radiographically by a new rating system based on the Knirk and Jupiter scale. We also analyzed tumor recurrence, metastases, and complications associated with the reconstruction procedure. All patients were available for followup at a mean of 52 months (range, 24-90 months). Results Although the complication rate associated with prosthetic arthroplasty was relatively high (six of 10), none of our patients experienced severe complications. Two patients reported having occasional pain of the involved wrist at the time of final followup (VAS, preoperative versus postoperative: 0 versus 3; 5 versus 2, respectively). The mean modified Mayo wrist score was 68 (range, 45-90). Degenerative changes were found in three wrists (Grade 1, two patients; Grade 2, one patient). Aseptic loosening occurred in one patient and wrist subluxation occurred in two patients. Lung metastases or local tumor recurrence were not observed. Conclusions Because of the proportion of patients who had complications and progressive degeneration with this approach, we recommend first exploring alternatives to reconstruction with custom unipolar wrist hemiarthroplasty after resection of Grade III GCTs of the distal radius, such as fibular autografting. However, this technique provides an alternative for patients with concerns regarding possible morbidity associated with autografting, and for situations when allograft is not available.
Introduction
A giant cell tumor (GCT) of bone is a benign lesion, usually epiphyseal in location, in patients in the 20-to 40-year age group [2, 24] . It is locally aggressive with a tendency for local recurrence (20%-50%) and a low incidence of lung metastases (2%) [5, 10, 13] . After the distal femur and proximal tibia, the distal radius is the third most commonly involved site (10% of cases) [13] . For patients with Campanacci Grades I and II lesions, intralesional curettage and cementation is the most common treatment. However, there is a high risk of local recurrence after this treatment method for patients with moreaggressive (Grade III) GCTs [1, 33] . En bloc resection of Campanacci Grade III tumors with reconstruction is associated with a lower risk of local recurrence than curettage for these aggressive lesions [6, 9, 32, 34] .
However, reconstruction of defects that remain after en bloc resection of GCTs of the distal radius is challenging because of high functional demands of the wrist. In the past, numerous procedures including arthrodesis, osteoarticular allografts, fibular autograft, and prosthetic replacement have been used for reconstructing these bone defects [6, 9, 15, 19, 29, 32] . Although there are a few reports of prosthetic arthroplasty after resection of the distal radius, most have been case reports [8, 11, 14, 15, 25] . One other group [35] specifically evaluated this treatment approach. However, they looked at a mixed group of Grade II and Grade III lesions; we believe that Grade II lesions may be better treated with curettage, and that using this approach in the less-aggressive tumors may have resulted in overestimation of the treatment's efficacy. We therefore wished to evaluate custom unipolar arthroplasty in a group of patients with Grade III GCTs of the distal radius.
Specifically, we asked: What are the functional outcomes after en bloc resection and reconstruction of the wrist with a unipolar prosthesis in patients with Grade III GCTs of the distal radius? (2) What complications occur with use of a unipolar prosthesis in these patients? (3) What are the oncologic outcomes with using en bloc resection and reconstruction with a custom unipolar wrist hemiarthroplasty for Grade III GCTs of the distal radius?
Patients and Methods

Clinical Data
Ten patients (seven men, three women; mean age, 39 years; range, 20-59 years) who underwent prosthetic replacement after wide resection of GCTs of the distal radius between January 2008 and October 2013 were enrolled in this study. During that period, all patients at our medical group who presented with a Campanacci Grade III GCT of the distal radius were treated with en bloc resection and reconstruction using a custom unipolar implant. The pathology specimens for all patients were obtained by preoperative needle biopsy, and evaluated by an experienced bone pathologist (TG). Of the 10 patients, the distal radius prosthetic reconstruction was used as the initial treatment in seven and as a revision procedure in three with recurrent disease after curettage and bone grafting ( Fig. 1 ). All patients underwent preoperative plain radiographs of the wrist and chest, CT and MRI of the wrist, and bone scans when appropriate. We included only patients with Campanacci Grade III tumors in this study. Patients either had a primary GCT of the distal radius or recurrent GCTs with cortex or soft tissue invasion ( Table 1) . We selected an orthopaedic surgeon (FP) who was not on our research team to perform the clinical and radiologic assessments. All patients were assessed for pain, ROM, and grip strength of the involved wrist. Pre-and postoperative pain at rest was assessed according to a 10-cm VAS score, and the functional outcomes were assessed by the wristspecific modified Mayo wrist score at the time of final followup [7] . The degenerative changes of the wrist were evaluated radiographically according to a new rating system based on Knirk and Jupiter scale [18] (Table 2 ). All patients were evaluated every 3 months during the first year of followup and every 6 months thereafter with a physical examination, VAS, functional evaluation of the wrist, and plain radiographs of the wrist and chest.
No patient was lost to followup, and all were available for followup at a mean of 52 months (range, 24-90 months).
Materials
The prosthesis was customized for each patient and produced (LDK Co, Ltd, Haidian, Beijing, China) according to 
Surgical Technique
This study was approved and monitored by the institutional review board of our hospital. All patients were allowed to weigh the risks and benefits of prosthetic arthroplasty before signing informed consent.
The surgical procedure was performed through a dorsal approach with the patient under general anesthesia. Soft tissue dissection was dependent on the presence or absence of tumor compromise, and the previous biopsy track and hematoma were excised in continuity with removed soft tissues. A jigsaw was used to make an accurate osteotomy when the proposed level of radius resection was identified ( Fig. 3A) . After proper location of the prosthesis, the prosthesis with appropriate dimensions obtained from preoperative radiographs, was implanted in the radius using polymethylmethacrylate cement. The remaining dorsal radiocarpal ligaments and triangular fibrocartilage complex were sutured to the reserved pores in the macromolecular polyethylene epiphysis by a nonabsorbable suture to enhance stability of the radioulnar and radiocarpal joints ( Fig. 3B ).
Results
The mean modified Mayo wrist score used to determine the functional outcome was 68 (range, 45-90). All patients could perform routine daily activities (such as cooking, grooming, and dressing) without difficulty. Although the complication rate associated with prosthetic arthroplasty was relatively high, none of the patients in this study experienced severe complications. Two patients reported mild occasional pain of the involved joint at the latest followup (VAS, preoperative versus 36 months postoperative: 0 versus 3; preoperative versus 60 months postoperative: 5 versus 2, respectively); they reported that the pain was relieved by NSAIDs and it had no major effect on their quality of the life. At the time of final followup, all patients showed some limitation in ROM of the involved wrist compared with the contralateral wrist. The mean ROM of the wrist after distal radius reconstruction was 22°a ctive extension (range, 15°-39°), 20°flexion (range, 10°- 38°), 36°pronation (range, 22°-60°), and 38°supination (range, 15°-65°). Grip strength was 75%-100% of the contralateral normal hand in five patients, 50%-75% in three, and 25%-50% in two. The mean grip strength of the surgically treated limb was 68% of the normal hand. Although there are some movement limitations in the involved wrists, eight of the 10 patients returned to their prior occupations (Table 1) . Aseptic loosening occurred 3 years after surgery in one patient, and although radiologic evidence of loosening was observed, the patient was asymptomatic. Wrist subluxation occurred 3 months after surgery in two patients. Both patients were able to perform most of their daily activities without pain and did not have any additional surgery. At the latest followup, neither patient had pain. Different degrees of degenerative changes (Grade 0, seven patients; Grade 1, two patients; Grade 2, one patient) were seen in the involved wrists at the time of final followup ( Fig. 4) .
We observed no infections or periprosthetic fractures in this small series.
No local tumor recurrence or lung metastases were observed in this series.
Discussion
A GCT of the long bones is a locally aggressive lesion with a tendency for local recurrence, especially when located at the distal end of the radius [2, 26] . The primary aim of treatment of GCTs of the distal radius is to completely remove the tumor, reduce the chances of recurrence, and retain maximum possible function of the involved wrist. Primary en bloc tumor resection, especially for Campanacci Grade III GCTs, has been advocated to minimize the risk of recurrence [1, 34] . The use of prosthetic arthroplasty for reconstruction of the resulting distal radial defects has been reported with varying success [8, 11, 14, 15, 25, 35] . However, the information provided by these reports is limited because of the small number of patients. Ten patients with Campanacci Grade III GCTs of the distal radius underwent custom unipolar wrist hemiarthroplasty to determine whether this approach offers an effective treatment. We found that although function generally was regained using this approach, a high proportion of patients had complications. For this reason, we do not consider it as a first-line treatment, and have focused our efforts on assessing fibular autograft, which seems to be a promising alternative.
This study has some limitations. First, the patients have relatively short followup, therefore it is possible that more complications or problems might arise as we follow these patients for a longer time. Second, we had no control group; however, the proportion of patients in this series who had complications was high enough that we believe alternative approaches-perhaps including fibular Fig. 2 The custom unipolar distal radius prosthesis composed of a macromolecular polyethylene epiphysis (inset in upper left corner) and cobalt-chromium-molybdenum metal stem are shown. Five pores (arrow) were reserved in the macromolecular polyethylene epiphysis. autografting-need to be explored to reconstruct the wrist after en bloc resection for GCT. The small number of patients is another limitation, and more experience with the use of an implant such as this will be necessary before it can be widely used. However, Campanacci Grade III GCTs are rare, so a multiinstitutional study would be needed to do this, and, again, because of the complications we observed, we do not believe that this approach should be the first-line treatment. We had few patients in this study, so it is likely that a study with more patients might show some local recurrence or metastatic disease. We observed that the functional results with the en bloc approach and custom unipolar prosthesis allowed patients to return to reasonable function and good pain control. The prosthesis can replace large bone defects, restore radiocarpal joint anatomy, and preserve wrist function while avoiding complications seen with bulk allografts or autografts [8, 11, 14, 15, 25, 35] . Since Gold's report in 1957 [12] , many types of prostheses have been used for reconstructing defects after en bloc resection of the distal radius, which obtained reasonable functional outcome (Table 3) . Although our results were encouraging, reconstruction with the custom unipolar prosthesis did not produce functional outcomes similar to those reported for fibular autograft or osteoarticular allograft [3, 9, 16, 19, 29] . Numerous reconstructive methods for large bone defects after en bloc resection of the distal radius have been described, including arthrodesis of the wrist; osteoarticular allograft; nonarthrodesed, nonvascularized or vascularized fibula graft; and prosthetic arthroplasty [6, 8, 9, 11, 14, 19, 25, 29, 32] . Although radiocarpal arthrodesis using various bone grafts can produce good stability, movement of the wrist is sacrificed [6, 20] . Arthrodesis is still an option if the prosthetic arthroplasty fails. Reconstruction using osteoarticular allograft seems promising; however, limited availability of allograft and lack of specialized bone-bank facilities in many countries may greatly limit this technique [4, 9] . Because of the anatomic similarities between the distal radius and the proximal fibula, the fibular autograft has been the preferred technique [21, 29, 30] . In children, the fibular autograft reconstruction can have an excellent outcome because of joint-surface remodeling of the proximal fibular epiphysis [17] . In contrast, in adults, the absence of joint-surface remodeling results in radiocarpal joint incongruity and consequently osteoarthritis and movement limitation [22, 29] . The average ROM of the wrist after reconstruction using the fibular autograft has been reported as 20°-38°flexion, 20°-50°extension, 30°-80°pronation, and 15°-52°supination [21, 28, 30] . Despite osteoarthritic changes and decreased ROM, most patients in those studies [21, 28, 30] had little limitation in daily activities. However, the technique has been associated with potential complications such as nonunion, delayed union of the graft, collapse of the grafted fibular head and donor-site morbidity [28, 31] .
Although the new prosthesis is also a unipolar design, the rate of complications is substantially lower than that of a unipolar ceramic prosthesis [15] . Furthermore, the macromolecular polyethylene carpus reconstruction provided acceptable functional results at the latest followup. Compared with other hinged prostheses, the nonhinged wrist prostheses may have a lower risk of loosening because of the complex motion mode of the wrist axis [14] . Zhang et al. [35] treated 11 patients with GCTs of the distal radius using custom unipolar prostheses with the articular surface of the macromolecular polyethylene liner, and obtained reasonable functional outcomes at an average followup of 55.5 months. These results indicate that macromolecular polyethylene may be more suitable for articular surface reconstruction than ceramic material. Inconsistent with the findings of Zhang et al. [35] , different degrees of degenerative changes were observed in the reconstructed wrist at the medium-term followup (52 months) in our study, which might be related to progressive radius and ulnar translocation resulting from a relatively short prosthesis and reduced wrist motion. A previous study showed that wrist subluxation often occurred after prosthetic arthroplasty, which might limit wrist function [15] . To decrease the ratio of wrist subluxation, five pores were reserved in the macromolecular polyethylene epiphysis to reattach the dorsal radiocarpal and distal radioulnar joint ligamentous structures. Our findings showed that wrist subluxation, which might be related to relatively extensive soft tissue involvement, was seen in only two patients during the early stages of this study. We observed no local recurrences or metastases in our patients. This is in keeping with the findings of others who observed that resection was associated with a lower local recurrence rate than curettage [10, 13, 19, 23, 35] . Since the incidence of metastatic disease is very low (close to 2%), we would not expect to find pulmonary metastases in such a small group of patients and we did not do routine bone scans to look for multicentric disease or bone metastases [5, 27, 35] .
We present some preliminary results of use of a unipolar distal radius prosthesis reconstruction for Campanacci Grade III GCTs of the distal radius. Our patients achieved reasonable functional outcomes. Because of the proportion of patients who had complications and progressive degeneration with this approach, we recommend first exploring alternatives to reconstruction with custom unipolar wrist hemiarthroplasty after resection of Grade III GCTs of the distal radius, such as fibular autografting. A larger study is needed to confirm our observations, ideally comparing this approach with other types of reconstruction. This prosthesis has the disadvantage of being a custommade prosthesis, which might not be available in all countries, but our preliminary results with its use make it an option for surgeons to consider. Until larger studies are done, we do not consider custom unipolar implants to be a first-line treatment, but they are an option for patients concerned with possible morbidity associated with autografting, and for situations when allograft is not available.
